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INTRODUCTION
Cyclical replacement of species in undisturbed plant communities was first proposed by Aubrevill& (1938) , who observed that tree recruits in the pristine forests of western Africa seldom occurred under conspecifics. Such negative associations between adults and recruits have been reported as indirect evidence of cyclical succession in other undisturbed ecosystems including heathlands and beechwoods of Britain (Watt 1947), the Chihuahuan Desert (Yeaton 1978) , the Mojave Desert (McAuliffe 1988), forests in eastern North America (Forcier 1975, Woods and Whittaker 1981) , and forests in western and central Europe (Remmert 1991) . Shifting mosaic and mosaic-cycle concepts of ecosystems were modelled by Clark (1991 a, b) and reviewed by Remmert (1991) . Although some direct evidence exists for large-scale landscape dynamics (e.g., Hall et al. 1991) , the mosaic-cycle hypothesis in undisturbed ecosystems is based primarily on indirect evidence, predominantly the spatial relationships be-I Manuscript received 27 January 1992; revised 30 September 1992; accepted 8 October 1992.
2 Present address: Division of Biological Sciences, University of Montana, Missoula, Montana 59812 USA. tween adults and recruits. Also, most evidence for cyclical dynamics exists at the scale of individual adult trees, and there is little quantitative evidence for largescale dynamic shifts among communities across landscapes in the absence of disturbance.
Coastal landscapes of central California are dominated by patchy mosaics of grassland, oak woodland, coastal sage scrub, and chaparral (Wells 1962 , Griffin 1977 , Heady 1977 , Mooney 1977 . Mosaics in some locations have been reported to correlate with geological substrate (Cole 1980 ) and soil characteristics (Harrison et al. 1971). However, Wells (1962) and Callaway and Davis (1991) found each of these physiognomic types represented abundantly on most soil depths, slope aspects, and all geological substrates. Lack of correlation between vegetation types and physical environmental factors suggests that disturbance or biological factors may have significant effects on the patchy distribution of vegetation types in central California.
Fire may initiate dynamic change in mediterraneanclimate vegetation, and dynamic processes may differ in variable physical environments, but vegetation patterns in these mosaics also appear to be affected by complex species interactions. Callaway and D'Antonio (1991) found that seedlings of Quercus agrifolia, the dominant tree of coastal woodlands in California, were spatially associated with shrub communities, and that survival of experimentally planted seedlings was improved by shrub cover. They suggested that a sequence of nurse plant facilitation and oak-shrub competition may affect patterns and boundaries of these communities. Chaparral species have been reported to outcompete coastal sage scrub species for light, and to replace them successionally (McPherson and Muller 1967 , Hanes 1971 , Gray 1983 ). Coastal sage scrub and chaparral shrubs suppress grass species (Muller and del Moral 1966 , Bartholomew 1970 , Halligan 1976 , and some of the same grass species suppress growth of oak seedlings (Gordon et al. 1989 ). These types of biological interactions, acting in concert with natural disturbance, and variation in topography and substrate may produce complex transitional changes among community mosaics in central California.
We used direct measurements of vegetation mosaics on aerial photographs to quantify dynamic change in vegetation patterns and the relative importance of fire, livestock grazing, topography, and substrate in grassland, coastal sage scrub, chaparral, and oak woodland in central coastal California. Patterns of mosaics were compared on aerial photographs taken in 1947 and 1989, and transition rates were compared on unburned and burned land without livestock, unburned land with livestock, and on different geological substrates, soils, and topography.
STUDY AREA
The study was conducted at Gaviota State Park (34?28' N, 120020' W), a 1120-ha coastal reserve 48 km west of the city of Santa Barbara extending 6 km inland. The terrain of the park rises from sea level to a maximum of 377 m in elevation over a 2-km distance and then gradually descends throughout most of the park as a complex combination of elevations, slopes, and aspects for -4 km with a minimum elevation of 85 m. The northeast corner of the park reaches 1440 m in elevation. The climate at Gaviota is mediterranean, with cool, wet winters and hot, dry summers; however, the climate of the southern portion of the park is directly affected by ocean winds and fog. Cattle grazing was eliminated in 1967 when the portion of the park where this study was conducted was incorporated into the state park system. The geology of Gaviota State Park is complex, with the uplifted formations of the Santa Ynez Mountains as the predominant features. Surface geology is a mosaic of sandstone, shale, siltstone, and depositional material of 10 different formations (Dibblee 1988 
METHODS

Current distributions and transition rates
Community types in Gaviota State Park were mapped by interpreting 1:6000 true color aerial photographs acquired in August 1989, and vegetation polygons were directly transferred to 1:6000 base maps with acetate overlays. These maps were then digitized and the Geographic Information System ARC-INFO (Environmental Systems Research Institute, Redlands, California, USA) was used to calculate the area occupied by each community type in 1989. Over 90% of the polygons were checked in the field. Although these four communities can be more finely subdivided by species associations, we chose not to do so because of the difficulty of accurately identifying species on aerial photographs. The four types we chose represent basic physiognomic and taxonomic groups and were easily identified on black and white and color photographs.
Because transitional changes often occurred at scales too small to map and compare accurately with GIS (see Bolstad [1992] for discussion of error associated with air photograph relief and distortion in GIS analyses), we measured transitions among community mosaics with plots that were located directly on black and white 1947 aerial photographs and relocated on true color 1989 aerial photographs. One hundred thirty-one plots were stratified within Gaviota State Park by community type, and were located randomly within individual patches on a grid overlay. Plots were 2.5 x 2.5 mm squares that had been etched into the surface of a glass reticle. Plots were viewed through a 6 x magnifying lens. Approximately 0.25 ha of ground surface was sampled with each plot. To improve the accuracy of cover estimation each plot was subdivided into 25 0.5 x 0.5 mm cells also etched into the reticle (100 m2 of ground surface). Cover of grassland, coastal sage scrub, chaparral, and oak woodland was estimated by 10% classes within each cell and summed for plot totals. After cover was estimated within in a plot on the 1947 photograph, the plot was relocated on the 1989 photograph by triangulating to each corner of the plot from nearby landmarks. Ten plots were relocated three times each to estimate errors in placement. In each case, cover estimates varied by </5%. Prior to mea-surement, the distance between two landmarks near each prospective plot was measured on the 1947 and 1989 photographs to estimate differences in distortion. If the measurements between landmarks differed more than 5% between photographs, then plots were not used. Despite these precautions, overestimation of within-plot transition can be large due to small differences in plot location between sample dates. To reduce overestimation of within-plot transitions we recorded all transition rates within an individual plot as zero unless the cumulative transition between one vegetation type and another exceeded 10% of the original area in 1947. For example, if 10% of chaparral converted to oak woodland and 10% of oak woodland converted to chaparral, we recorded the transition as zero. If 20% of chaparral converted to oak woodland and 10% of oak woodland converted to chaparral, the transition was 10%.
Transition rates were calculated for plots that had not burned since 1929 or earlier (n = 78), and for plots that had been burned in 1944, 1955, or 1986 (n = 53). Burned plots were combined in order to achieve an adequate sample size. Fires were mapped using historical fire records obtained from the United States Forest Service. We also measured transitions in 89 other plots randomly located outside the borders of Gaviota State Park on unburned land and where livestock were not excluded. Areas of community types outside of the park were not measured. We report transitions as annual rates for each of the three disturbance regimes that were calculated by dividing the total rates by 42, the number of years elapsing between sample dates.
Transition rates were compared on variable topography, geological substrates, and soils. Topography was 
RESULTS
Current distributions and transition rates
The four community types were highly intermixed throughout Gaviota State Park. Based on the GIS vegetation map, plots provided a representative sample of upland vegetation in the park (Fig. 1) . Mapped proportions of types were: grassland 21.5%, coastal sage scrub 26.4%, chaparral 28.0%, and oak woodland 24.10%. In comparison, plot composition in 1989 was: grassland 23.3%, coastal sage scrub 25.9%, chaparral 24.0%, and oak woodland 26.8%. Frequencies of plots (classified by their dominant community type) on different topography, geology, and soils for all 220 plots are presented in Fig. 2 . Community types were relatively widespread across environmental variables with a few exceptions. Chaparral was common on sandstone, absent from depositional material, and was restricted to rocky and sandy soil. Grassland was more common on depositional material and less common on rocky soil than other communities. Chaparral was more common at both extremes of the northness index than at intermediate levels because of its association with steep slopes. Oak woodland was positively associated with northness, and grassland and coastal sage scrub were associated with more south-facing topography. Although these communities were partially as- Transitional change occurred in 71 of the 220 plots. In unburned, ungrazed plots, high transition rates were recorded among several community types (Fig. 3) . In unburned and ungrazed grassland, 23 of 43 plots underwent at least partial conversion to coastal sage scrub, yielding a transition rate of 0.69% per year. Coastal sage scrub, in unburned and ungrazed plots, was often replaced by oak woodland (0.30%/yr, 10 of 34 plots) and chaparral (0.1 1II%/hr, 5 of 34 plots). Transition rates from chaparral to oak woodland were 0. 12%/yr, and occurred in 4 of 14 plots. Oak woodland converted to grassland at 0.08%/yr. Other transition rates were very low. Based on transition rates measured over the 42-yr measurement period, area occupied by grassland declined by 27.4%, and coastal sage scrub, chaparral, and oak woodland increased by 27.1%, 5.4%, and 10.0%, respectively, in unburned and ungrazed plots.
For plots within the park that had burned in 1944, 1955, or 1986, transition rates (Fig. 4) were substantially different than for unburned plots. Transition rates from grassland to coastal sage scrub was 66% lower (t test with log(x + 1)-transformed rates, "burned = 23, "unburned = 43, t = 2.22, df= 64 for plots with grassland, P = .03), while coastal sage scrub transition to grassland increased from 0.04 to 0.31% per year (t test with log(x + 1)-transformed rates, nbuaed = 14, tunburned = 34, df = 46 for plots with coastal sage scrub, t = 2.41, P = .02). Transitions of coastal sage scrub to chaparral and chaparral to oak woodland were not observed in burned plots. Transition from oak woodland to grassland was the only large transition rate that did not differ between burned and unburned plots.
Most of the transition rates in unburned plots outside of Gaviota State Park (Fig. 5) , which were exposed to livestock grazing, were different than unburned plots within the park. Transition from grassland to coastal sage scrub outside of the park was 72% less than inside of the park in unburned plots (t test using log( 3. Annual transition rates among plant communities in unburned plots (n = 78) with livestock excluded within Gaviota State Park, as determined from changes in vegetation between 1947 and 1989 shown on aerial photographs. The numbers in the ovals estimate the probability, as a percentage, that a given community will remain the same; the numbers on the arrows estimate the probability that a community will change in the indicated direction (thickness of lines is proportional to the probability of that change).
3.49, df= 75, P < .000 1). Transition rates from coastal sage scrub to oak woodland and from chaparral to oak woodland were not significantly different than those inside the park in unburned plots. Transition from oak woodland to grassland was very similar to that in both burned and unburned plots in the park. 
Physical environment and transition rates
In unburned plots within the park, transition from grassland to coastal sage scrub was similar on all geological types (Table 1) . Transition rates of grassland to coastal sage scrub within the park were lower in burned plots than in unburned plots, but the effect of burning varied with geological substrate. On depositional and shale substrates the transition from grassland to coastal sage scrub was significantly lower in burned plots than in unburned plots. Significantly higher conversion of coastal sage scrub to oak woodland occurred on siltstone in comparison to sandstone and shale, and the transition from coastal sage scrub to grassland on burned plots proceeded more rapidly on depositional substrates than on other geological types.
Transition rates from grassland to coastal sage scrub were similar on all soil types in unburned and ungrazed plots (Table 2) . In burned plots, however, transition rates on silty clay to clay soil were significantly lower than all soil types in unburned and ungrazed plots, which suggests that fire limited shrub invasion more effectively in combination with clay soils. The transition of chaparral to oak woodland occurred much more frequently on highly drained sandy soil than on excessively drained rocky soil. Although soil classes did not coincide completely with geological types, excessively drained rocky soils were usually associated with sandstone, and moderately drained silty clay to clay soils tended to be associated with depositional and siltstone geological formations.
Transition rates outside of the park were similar on most substrates (Tables 1 and 2 ), but several substrate- : Grass = grassland, CSS = coastal sage scrub, Chap = chaparral, Oak = oak woodland. related differences were found. Conversion of coastal sage scrub to oak woodland and oak woodland to grassland was higher on loamy soils than on others, and conversion of oak woodland to grassland was highest on siltstone substrates. Conversion of grassland to coastal sage scrub was lower outside of the park than inside of the park on all substrates. Most transition rates were not significantly correlated with northness (Table 3) ; however, coastal sage scrub transition to chaparral was negatively correlated with northness, which suggests that chaparral shrubs invade coastal sage scrub more rapidly on exposed, southfacing slopes than on sheltered topography. Conversely, the transition of coastal sage scrub to oak woodland in unburned plots was correlated with northness. These correlations did not occur in burned plots, which suggests that fire may have eliminated any dynamic trends that were dependent on topography. 
Markov chain models
Markov chain models based on measured transition rates predicted substantial differences in the changes in proportional cover of oak woodland and grassland in the absence of fire (Fig. 6) . In unburned and ungrazed plots the initial area occupied by grassland was predicted to decrease rapidly as coastal sage scrub invaded grassland and in turn was replaced by woodland. When transition rates that were derived from burned plots were used in Markov chain models with the same current states (community areas), predicted changes were TABLE 2. Continued. qualitatively and quantitatively different (Fig. 6) . In these plots, grassland increased, coastal sage scrub decreased, and chaparral and oak woodland remained relatively stable. The general directions of changes that were predicted for unburned plots outside of the park were similar to those predicted for unburned within the park, but with much lower increases in oak woodland and decreases in grassland.
Community type transition
DISCUSSION
Over a 42-yr period, from 1947 to 1989, substantial conversion of grassland to coastal sage scrub, coastal sage scrub to chaparral and oak woodland, chaparral to oak woodland, and oak woodland to grassland was measured on aerial photographs of unburned vegetation. These transition rates indicate that vegetation patterns in the study area are dynamic, and that biotic interactions may determine a dynamic "shifting mosaic" landscape (e.g., Clark 1991 Markov chain predictions suggest that fire stabilizes the relative areas occupied by grassland, coastal sage scrub, chaparral, and oak woodland at roughly equal proportions at Gaviota State Park, but Markov predictions derived from plots without fire or grazing suggested that oak woodland would dominate a much greater proportion of the landscape without disturbance (also see Wells 1962 ).
On landscapes subjected to grazing by livestock, dynamic change from grassland to coastal sage scrub to oak woodland was also evident, but it progressed at a lower rate, primarily due to low conversion rates of grassland to coastal sage scrub. However, directional changes that were predicted by the Markov chain model under unburned, grazed conditions were similar to those predicted under unburned, ungrazed conditions. Thus grazing appears to slow the rates at which community types may replace each other, but, unlike fire, does not alter the direction of succession. Axelrod (1978) proposed that coastal sage scrub is a community that is maintained by disturbance, and is dependent on anthropomorphic alteration of grassland. Our evidence suggests the contrary with regard to coastal sage scrub and grassland. We found that disturbance in grassland (either fire or grazing) limits invasion of coastal sage scrub species. With regard to coastal sage scrub and chaparral interactions, however, we found that disturbance may maintain coastal sage scrub distribution by preventing its invasion by chaparral species. This is consistent with the findings of Gray (1983) 
and McPherson and Muller (1967).
We found substantial cumulative transition rates across a wide variety of topographical, geological, and soil conditions, but we also found evidence for interaction among the physical environment, fire, and the biological interactions that affect vegetation dynamics on undisturbed landscapes (sensu Pickett et al. 1987 , De Steven 1991 . In the absence of fire, shrubs invaded grassland on moderately drained silty clay to clay soils at rates similar to those on other soil types. In burned plots, however, shrub invasion of grassland on silty clay to clay soils was significantly lower than on the other soil types, which suggests that soil characteristics and fire disturbance interactively affect transition rates. Similar interactions appeared to occur for grass to coastal sage scrub transitions, fire, and shale substrates. Wells (1962) also reported vegetation patterns in central California that appeared to be determined by interactions between disturbance and substrate. Soil and fire-related changes in vegetation have also been reported in the bluestem prairie of Kansas, where shrub invasion proceeds much more rapidly on clay loam soils than coarser textured soils when fires are infre-quent (Bragg and Hurlbert 1976) . High correlations between northness and transition rates from coastal sage scrub to chaparral and oak woodland occurred only in unburned plots, which indicates that topography may also interact with fire to affect vegetation dynamics.
Interactions among biology, disturbance, and the physical environment suggest that some patches in the vegetation mosaic change rapidly, while other patches, which appear identical in species composition, may remain in place for long periods of time (see Biswell 1974 , Bradbury 1974 , Cole 1980 , Zedler et al. 1983 , Davis and Mooney 1985 . For example, the overall transition rate of chaparral to oak woodland in plots without fire was 0. 12%/yr. On excessively drained rocky soils, however, where over 75 % of chaparral was found, the rate was negligible. Thus chaparral on rocky soils may remain chaparral indefinitely as an edaphic climax community, while patches of chaparral on less rocky soil may be transitional in the absence of fire. Similarly, coastal sage scrub that occurs on moderately drained silty clay to clay soil (about 30% of coastal sage scrub sampled) was not replaced by oaks or chaparral as were large percentages of coastal sage scrub on other soil types, and as such may also constitute an edaphic climax community. Westman (1981) found that many coastal sage scrub species in southern California were affiliated with specific substrates; however, Artemisia californica, the dominant species in coastal sage scrub at Gaviota State Park, was not.
Markov models are limited because they make the assumption that transition rates are constant. Our general predictions were based on transition rates that were affected by management practices in the Gaviota State Park region between 1947 and 1989. Livestock grazing ended soon after the establishment of the park in 1967, which was in the middle of our sampling period. Thus the rates we measured would probably be different than those in either heavily grazed or fully protected locations, as a comparison to transition rates outside of the park suggests. Our estimation of the effect of fire on vegetation transition is limited by grouping plots that had burned in 1944, 1956, and 1986, although this was necessary in order to obtain adequate sample sizes on the variable substrates within the park. Plots that burned in 1986 appeared to show exceptionally low grassland to shrubland transition, but otherwise did not produce extreme outliers. Our projected changes in proportions of grassland, shrubland, and Q. agrifolia woodlands derived from plots that had burned in different decades were roughly similar to those derived by Scheidlinger and Zedler (1980) in a recently burned area in southern California. Although we found little evidence for other past anthropogenic disturbances in the area now occupied by the park, we cannot exclude them as potential factors that may substantially alter the applicability of our transition rates to either future rates of change or to other geographical locations. Short-term fluctuations in climate (Hansen et al. 198 1) could also change transition rates and thus predictions of future community proportions.
